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ABSTRACT

The seasonal ocean circulation and thermal structure in the South China Sea
(SCS) were studied numerically using the Princeton Ocean Model (POM) with 20
km horizontal resolution and 23 sigma levels conforming to a realistic bottom
topography. A sixteen month control run was performed using climatological
monthly mean wind stresses and restoring type salt and heat fluxes as surface
forcing terms and observational oceanic inflow/outflow at the open boundaries.
The seasonally averaged effects of isolated forcing terms are presented and
analyzed from the following experiments: 1) non-linear effects removed, 2) wind
effects removed, 3) open boundary inflow/outflow set to zero, and 4) open
boundary inflow/outflow doubled. This procedure allowed analysis of the
contribution of the isolated parameter to the general hydrology of the SCS and
some of its specific features. A coastal jet is identified and analyzed, as are a
mesoscale topographic gyre and several counter currents. Non-linearity is shown
to be important to the energy and volume transport of baroclinic eddy features, but
otherwise insignificant. Boundary transport from lateral boundaries is determined
to be of considerable importance to summer circulation and thermal structure, with
little effect found for the winter monsoon hydrology. In general, monsoonal

circulation patterns and upwelling phenomena are determined and forced by the




wind, while boundary transport effects play a secondary role in determining the

magnitude of the circulation velocities.
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L INTRODUCTION

The South China Sea (SCS), and the nations on its border, constitutes a region of
strategic political and military importance to the United States and its allies. As a semi-
enclosed ocean, it is subject to high spatial and temporal variability from external forcing
factors. The Naval Oceanographic Office NAVOCEANO) has been tasked to develop
an ocean forecasting capability for this region. This thesis uses the three dimensional
model currently being assessed for the SCS to evaluate the relative importance of various

forcing terms to circulation and thermal structure.

A. DESCRIPTION OF THE SOUTH CHINA SEA

The SCS extends across the tropical and sub-tropical zones and is located between
the Asian landmass to the west, the Phillipine Islands and Borneo to the east and China
and Taiwan to the north (Figure 1), a total of 3.5X 10® km? surface area. It includes the
Gulf of Thailand and is connected to the East China Sea (through the Formosa Strait), the
Pacific Ocean (through the Luzon Strait), the Sulu Sea (through the Balabac Strait), the
Java Sea (through the Gasper and Karimata Straits) and to the Indian Ocean (through the
Strait of Malacca). All of these straits are shallow except the Luzon Strait whose
maximum depth is 1800 m, and consequently the SCS is considered a semi-enclosed
water body (Huang et al., 1994). The complex topography includes the broad shallows of
the Sunda Shelf in the south; the continental shelf of the Asian landmass in the west,
extending from the Gulf of Tonkin to the Formosa Strait; a deep, elliptical shaped basin
in the center, and numerous reef islands and underwater plateaus scattered throughout
(Figure 2). The shelf that extends from the Gulf of Tonkin to the Formosa Strait is
consistently about 70 m deep, and averages 150 km in width from the shoreline; the
central deep basin is 1900 km along its major axis (northeast-southwest) and
approximately 1100 km along its minor axis, and extends to over 4000 m deep. The

Sunda Shelf is the submerged connection between southeast Asia, Malaysia, Sumatra,
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Figure 1. The South China Sea and surrounding areas.
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Figure 2. Bathymetry contours (m) of the South China Sea.




Java and Borneo and is 100 m deep in the middle; the Gulf of Thailand is about 70 m
deep in its central part.

The SCS is subjected to a seasonal monsoon system (Wyrtki, 1961). From April
to August, the weaker southwesterly summer monsoon winds lead to a wind stress of
over 1 dyne/cm2 (Figure 3a) which drives an anticyclonic circulation in the SCS (Figure
4b). From November to March, the stronger northeasterly winter monsoon winds
corresponding to a maximum wind stress of nearly 3 dyne:/cm2 (Figure 3b) cause a
cyclonic circulation in the SCS (Figure 4c¢).

The observed circulation patterns of the intermediate to upper layers of the SCS
are primarily forced by the local monsoon systems (Wyrtki, 1961). Transitional periods
are marked by highly variable winds and surface currents. In early spring, two cyclonic
gyres form on the western side of the basin, one between Vietnam and Hainan and
another between Vietnam and Malaysia (Figure 4a). During the summer monsoon
period, a western intensification of current flow develops along the coast of Vietnam
(Figure 4b). A counter current also develops at 11° N that flows from the western
intensified current due east across the basin. When the winter monsoon begins, the
circulation becomes cyclonic and the cross basin current is re-established at 10° N; in
both summer and winter this current leads to a recirculation of water mass due to the
shallow sill depths between the SCS and the Sulu Sea. Another contributing factor to the
hydrology of the region is the presence of the Kuroshio Current near the Bashi lChannel,
in the southern half of the Luzon Strait. The current enters the southern side of the
channel then executes a tight, anticyclonic turn and exits the SCS south of Taiwan. An
estimated 8-10 Sv (1 Sv= 10° m3/s) of the intrusion passes through the Bashi Channel
(Huang, et al., 1994). This flow exerts a strong influence on the properties of the
northern SCS waters and is believed to contribute to currents in the Formosa Strait (Hu et
al.,1992).

Eddy behavior in the SCS has two distinct features. First, the number of cold
eddies is far greater than the number of warm eddies and second, the eddies are

significantly affected by the bottom topography and are most likely to occur near areas
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where the localized current velocity is high (Huang,1994). Small scale eddies with
seasonal dependence have been found off coastal Vietnam in summer, near Natuna Island
and in reef areas. Large scale eddies have been found primarily during the summer
monsoon. (Huang et al., 1994)

Upwelling and downwelling occur extensively along both sides of the basin,
specifically off the coast of central Vietnam and the coastal area of eastern Hainan. The
summer monsoon is believed to cause an Ekman-type drift current and corresponding
seaward transport of water mass, leading to upwelling (Huang et al., 1994). Others (Chen
et al., 1982) have pointed out that upwelling has occurred in these areas during winter
monsoon conditions, casting doubt on previous ideas concerning the origin of these
features.

The SCS is described by two separate water masses. In the north, the waters are
cold and saline. The annual variability of salinity is small, due to the inflow and diffusion
of high salinity water from the Pacific Ocean through the Bashi Channel. In the south the
tropical conditions cause the waters to be warmer and fresher. The high temperature, low
salinity water in the south and low temperature, high salinity water in the north causes a
steep vertical gradient, usually strongest between 100 and 300 m deep. In the central
region, the water is alternately subjected to high and low salinity inflows as the monsoons
change; therefore the annual variability is much higher and horizontal gradients are
created during the eariy portion of each monsoon season. Mixed layer depths vary from
30 to 40 m during the summer monsoon, and 70 to 90 m during the winter monsoon with

variation being due to both wind and current. (Wyrtki, 1961)

B. PREVIOUS NUMERICAL SIMULATION STUDIES

Three dimensional ocean models have been used several times in the past to
simulate the circulation in the SCS. Integrating a semi-implicit 12 layer shallow water
model from the mean winter and summer conditions for 15 days, Pohlmann (1987)
simulated the reversal of the upper layer circulation between the summer and winter

monsoon seasons. The horizontal resolution of his model was approximately 50 km. His




results showed westward to southwestward currents during the winter monsoon season
and northeastward currents during the summer monsoon season. Due to the low
resolution and short integration period, the model didn’t adequately represent the
thermodynamics and turbulence, and it failed to reproduce the mesoscale eddies and
upwelling phenomena known to exist in the SCS.

More recent attempts include work by Wang et al. (1994) who employed four
separate models to simulate circulation in the SCS: a multi-layer model, a & level
(contour following) model, a diagnostic model (with reference plane set at 1200 m
depth), and a model utilizing the B-spiral method. Although horizontal grid spacing was
coarse (generally around 1°), their results agreed well with field observations. The model
data clearly showed the intrusion of the Kuroshio through the Bashi Channel as well as
some of the larger eddies in the surface layers. No analysis of thermohaline structure was
presented, and no sensitivity studies were made of the physical mechanisms producing
these features.

Initial uses of the Princeton Ocean Model (POM) for the SCS include Li (1994)
and Chu et al. (1994, 1996) who successfully simulated the seasonal variation of the SCS
circulation and the thermohaline structure under climatological forcing. Using
observational data (Wyrtki, 1961) as a standard, the seasonal circulation and temperature
patterns were shown to be better represented by the POM than Pohlmann’s shallow water
model (Li, 1994). Specifically, the POM data accurately captured the monsoonal
variation in surface currents and upwelling events. It is not clear what mechanisms
caused the mesoscale variability, and no sensitivity studies were performed by Li (1994)

or Chu et al. (1994, 1996).

C. OBJECTIVES

The objective of this study is to quantify the effect of external forcing on SCS
circulation and thermohaline features. Utilizing the Princeton Ocean Model (POM), we
will examine the circulation and thermal structure of the SCS during summer and winter

by analyzing specific features of modeled circulation and thermal structure. The control




run is meant to simulate ‘reality’ against which each experiment is compared. In the
experiments, various external and internal factors will be modified and the resulting
circulation patterns and magnitudes will be compared to the control run results.
Specifically we will estimate the contribution (in terms of volume transport, sea surface
elevation and circulation patterns) of non-linear advection, wind forcing and lateral
boundary transport to the ocean features identified in the original results. From this we

can estimate the relative importance of these factors to the SCS oceanography.
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II. PRINCETON OCEAN MODEL
A. MODEL FEATURES

Coastal oceans and semi-enclosed seas are marked by extremely high spatial and
temporal variabilities that challenge the existing prediction capabilities of numerical
simulations. The POM is a time dependent, primitive equation circulation model ina
three dimensional grid that includes realistic topography and a free surface. Developed at
Princeton University (Blumberg and Mellor, 1987), the model was specifically designed
to accomodate mesoscale phenomena, including the often non-linear processes (such as
upwelling and eddy dynamics) commonly found in estuarine and coastal oceanography.
Notable applications inciude simulation of the circulation in the Gulf of Mexico
(Blumberg and Mellor, 1985), the Gulf Stream (Mellor and Ezer, 1991 and Ezer and
Mellor, 1992), and the Kuroshio (Oey and Chen, 1991).

Wang et al. (1994) used the POM to study and quantify the dominant forcing
present in the summer circulation of Hudson Bay. Using a sufficiently small grid size,
they were able to determine the origin of observed mesoscale features and estimate the
relative importance of wind and lateral transport on the hydrology of the summer
circulation in the bay. Following the methodology used by Ezer and Mellor (1992) for
the Gulf Stream, Wang et al. compared the output of several experiments, in each of
which some contributing factor was isolated or modified, to the output of a control run, in
which all factors were set to realistic values. Given that the primitive equations are
deterministic, and assuming that non-linear interaction is minimal, they were able to
quantify estimates of the effects of each isolated factor.

In this thesis, we use a 20 km horizontal grid resolution with 23 sigma levels in
the vertical. The 20 km grid resolution is of the same magnitude as the estimated internal
Rossby radius of deformation (estimated to be 16-20 km for typical layer depths) and so
most rotational effects are adequately resolved. The model data were sampled on a 5 day
interval (for 16 months) which will not reveal some short term and high frequency

features. Tidal forcing was not included in this application of the model, since high
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frequency variability of the circulation is not considered. River outflow is also not
included. Monthly wind forcing is applied at every iteration and comes from a
climatological data set (Hellerman and Rosenstein, 1983). Heat and salinity fluxes
(Qus) use the Haney-type restoring form (Haney, 1971). The seasonal variation in sea
surface height, temperature, salinity, circulation and transport are well represented by the
model data. From a series of numerical experiments, the qualitative and quantitative
effects of non-linearity, wind forcing and lateral boundary transport on the SCS are
analyzed, yielding considerable insight into the external factors affecting the regions
oceanography.

The SCS application of the POM was established jointly at the University of
Miami and the Naval Postgraduate School. Using a rectilinear grid with horizontal
spacing of 0.179° by 0.175° (approximately 20 km resolution) and 23 vertical sigma
coordinate levels, the model contains 125 x 162 x 23 horizontally fixed grid points
(Figure 5). The model domain is from 3.06° S to 25.07° N, and 98.84° E to 121.16° E,
which encompasses the SCS and the Gulf of Thailand, and uses realistic bathymetry data
from the Naval Oceanographic Office DBDBS5 database (5 minute by 5 minute

resolution).

1. Sigma Coordinates

Bathymetric irregularites create problems when incorporated in the standard, three
dimensional orthogonal coordinate system. Model results near irregular bathymetric
features tend to have large numbers of singularities which unrealistically affect adjacent
grid values. To compensate for this, the POM uses a contour following coordinate
system based on a scaling of the water depth at each horizontal grid location. The
resulting sigma levels range from o = 0 at the surface (z= 1) to o = -1 at the bottom (z =
-H), with an arbitrary number of levels in between. In this application there are 23 sigma
levels. The conversion between ¢ and z is:

c =(z-n)/(Htn) (1)

where H is the mean water depth and 7 is the time varying free surface height at grid
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point (x,y). Use of the sigma levels as the vertical coordinates is not a perfect solution
but allows improved resolution of boundary layers and is probably a necessary attribute

in dealing with significant bathymetric variability (Mellor, 1992).

2. Finite Differencing

The governing equations are finite differenced in a leapfrog manner (centered in
space and time) to produce the model output which includes the three components of
velocity (u,v,w), temperature and salinity at each grid point as well as depth averaged
velocity, sea surface height | and two quantities which characterize the turbulence. The
horizontal finite differencing is explicit on an Arakawa C-grid and includes advection,
horizontal diffusion, pressure gradient and Coriolis effect subroutines. Vertically, the
finite differencing is implicit to eliminate time constraints that would be imposed by the

sigma level vertical coordinates due to their dependence on the time varying free surface.

(Blumberg and Mellor, 1985)

3. Mode Splitting

Computational limitations require that the external mode (two dimensional,
barotropic, vertically integrated equations) be separated from the internal mode (three
dimensional, baroclinic, vertical structure equations) by a technique known as mode
splitting (Blumberg and Mellor, 1987). The external mode equations are obtained by
integrating the internal mode primitive equations over depth. The barotropic solutions
are then obtained prior to calculation of the internal mode equations. Mode splitting is
applied with a barotropic time step of 25 seconds, based on the Courant-Friederichs-Levy
(CFL) computational stability condition and the external wave speed; and a baroclinic
time step of 900 seconds, based on the CFL condition and the internal wave speed.
Separating the governing equations into internal and external mode algorithms permits
calculation of the free surface elevation and velocity transport with no sacrifice in

computational time from the calculation of the internal mode equations. Mode splitting
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and the explicit/implicit numerical scheme are the two essential features that allow the

model to predict the highly variable dynamics of coastal oceans and semi-enclosed seas.

4. Level Two Turbulence Closure

The equations used by the model are based on the Reynolds momentum and flux
equations, where Reynolds stresses and flux terms (turbulence) require parameterization.
Use is made of the Mellor-Yamada turbulence closure submodel (Mellor and Yamada,
1982) to provide the vertical eddy diffusivities for momentum, heat and salt (Ky u)
necessary to parameterize the vertical mixing processes. These coefficients are calculated
as a function of the turbulent kinetic energy and the turbulence length scale (a
characteristic length of turbulent motion at any point in space or time), thus linking
diffusivity coefficients with estimates of turbulence. Use of these coefficients allows the

model to simulate realistic Ekman surface layers and mixed layer dynamics.

B. MODEL GOVERNING EQUATIONS

The equations used to determine circulation and thermal structure are non-linear
and incorporate a variable Coriolis parameter. Two approximations are used: the
hydrostatic balance, which is that the weight of the fluid identically balances the pressure;
and the Boussinesq approximation, that differences in density are neglected unless
multiplied by gravity (to include buoyancy effects). Additionally, a latitudinal variation
in the Coriolis parameter is accounted for by use of the -plane approximation.

The governing, internal mode Reynolds momentum and conservation equations

are presented here in z coordinates to better illustrate the interaction of variables.

1. The Continuity Equation

(8U/0x)+(8V /8y +(OW/62)=0 )
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The conservation of mass equation with U the mean velocity in the x direction, V

the mean velocity in the y direction and W the mean velocity in the z direction.

2. The Momentum Equations
(OU/ot)+VeU-fV = -(1/py)(6P/ox)+0/02(Ky0U/0z)+Fx 3)
(OV/oty+VeV+fU = -(1/p,)(OP/0y)+0/0z(K\ 0V /0z)+Fy 4)
pg = -0P/0z (5)

These are the momentum equations in x, y, and z directions respectively with p,
the reference density, p the in situ density, g the gravitational acceleration, P the pressure,
Ky, the vertical eddy diffusivity of turbulent mixing of momentum, and f'the Coriolis

parameter. Fyy represent a sum of processes occurring below the resolution of the model

grid size.

3. The Temperature and Salinity Conservation Equations

(00/0t)+VeVO = 0/0z(K,00/0z)+F (6)
(0S/0t)+VeVS = 0/0z(K0S/0z)+Fg @)
Where 0 is the potential temperature (or in situ temperature for shallow water
conditions) and S is the salinity. VeV is the velocity vector multiplied with the
divergence, Ky denotes the vertical eddy diffusivity for turbulent mixing of heat and salt,

and Fq g represent a sum of processes occurring below the resolution of the model grid

size.

4. Subgrid Scale Horizontal Mixing Processes

Processes that occur below the resolution of the model grid size are parameterized

in terms of horizontal mixing processes:
Fx = 8/8x(2AM0OU/0x)+0/0y(Apm(SU/0y+0V/0x)) t))
Fy = 0/0y(2A\,0V/0y)+0/0x(Apm(OU/0y+0V/0x)) ©)]
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Fo 5= 0/0x(Aud/ox(6,S))+3/8y(Ay(8/3y(6,5))+Rys (10)
where Ay, and Ay are horizontal diffusivities required to damp small scale computational
noise. The horizontal diffusivities are taken from the Smagorinsky formula
(Smagorinsky,1963):

Ay = CAxAY(172) | VV+HVV)T | (11)
with C the horizontal constant (chosen to be 0.2 for this application), V the velocity
vector at grid location (x,y), and the superscript T denoting the transpose applied to the

gradient of V.

C. INITIAL CONDITIONS AND BOUNDARY CONDITIONS

1. Initial Conditions and Initialization

The model was integrated with all three components of velocity initially set equal
to zero, and temperature and salinity specified by interpolating the climatology data
(Levitus,1984) to each model grid point. The model year consists of 360 days (30 days
per month), day 361 corresponds to 1 January. It was found that 90 days were sufficient
for the model to reach quasi-steady state under the imposed condition (Figure 6). In order
to capture the winter monsoon to summer monsoon transition, the model was started in
the fall, day 300, and run to day 390 to establish the quasi-steady state. After day 390,

the model was run another 450 days for each experiment.
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2. Bottom Boundaries

The bottom boundary conditions are calculated by:
poKm{0U/0z,0V/0z} = (Tox,Thy) (12)
where (Tyy,Thy) is the bottom frictional stress vector, determined by matching the
velocity at the nearest grid point with the logarithmic law of the wall:
T, = PoCpl Vbl Vb (13)
where V, is the velocity vector at the boundary and the drag coefficient Cp is specified as

0.0025 (Blumberg and Mellor, 1985).

D. FORCING

1. Atmospheric Forcing

The atmospheric forcing for the SCS application of the POM includes mechanical
and thermal forcing. The mechanical forcing is depicted by
poKm{0U/02,0V/0z} = (Tx,Toy) (14)
where (Tqy,Toy) are the two components of the wind stress vectors, which were taken from
the monthly mean climatological wind stress data of Hellerman and Rosenstein,1983.
The middle of the month values were extrapolated to each day. The wind stress has a
typical magnitude of 1-2 dynes/cm2 (see Figure 3). Between the monsoon seasons the
wind varies with latitude and time, leading to a complicated distribution of wind stress.
Surface thermal forcing is depicted by
Kyu06/6z = 0,(Qu/pCyp) + 2,C(O0ps-0 ) (15)
K8S/6z = a,Qg+ o,C(Sops-S) (16)
where Bgps and Sggs are the observed potential temperature and salinity, C,, is the specific
heat, and Q4 and Qg are surface heat and salinity fluxes, respectively. The time constant

C is the reciprocal of the restoring time period for a unit volume of water. The
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parameters (o;,at,) are (0,1)-type switches: a; = 1, a, = 0, would specify only flux
forcing is applied; o, = 0, a, = 1, would specify that only restoring type forcing is
applied.

In this study, the surface thermal forcing is determined solely by restoring forcing,
a; =0and o, = 1 in (15)-(16). The relaxation constant C is taken to be 0.7 m/d, which is
equivalent to a relaxation time of 43 days for an upper layer 30 m thick (Chu et al., 1996).
Therefore, in the SCS application of the POM, the heat and salinity surface boundary
conditions do not include real time flux terms (Qy ,Qs) and the equations act solely to
relax the surface temperature and salinity to the values interpolated from the
climatological data (Levitus, 1984). The net effect is to prevent any deviation from

climatology and ensure that the SCS acts as a heat source.

2. Lateral Boundaries

Closed lateral boundaries, the extent of the modeled ocean bordered by land, were
incorporated using a free slip condition for velocity and a zero gradient condition for
temperature and salinity. No advective or diffusive heat, salt or velocity fluxes occur
through these boundaries.

Open lateral boundaries are problematic. The volume transports through the open
boundaries at the Balabac Channel, Mindoro Strait, and Strait of Malacca are assumed
zero in this thesis; only the Luzon Strait, Formosa Strait, and Gasper/Karimata Strait were
open. The hydrographic data of the Naga Report (Wyrtki, 1961) was utilized to specify
monthly boundary transport values. Barotropic velocities (V) at the open boundaries are
obtained by:

V, = (Transport) / [, H d/ 17)
where the seasonal transport is given in Table 1, / is the boundary width, » is normal
direction to the boundary and H is the water depth. Baroclinic velocities at the
boundaries are then obtained by (Chu et al., 1996):

Ve =V, (€°/ (1)) (18)
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Table 1: The bi-monthly variation of volume transport (Sv) at the open boundaries.
The values were taken from Wyrtki (1961).

Month Feb. Apr. Jun. Aug. Oct. Dec.

Gasper & Karimata Straits 4.4 0.0 -4.0 -3.0 1.0 43
(Eastward Positive)

Luzon Strait -3.5 0.0 3.0 2.5 -0.6 -3.4
(Eastward Positive)

Formosa Strait -0.9 0.0 1.0 0.5 -0.4 -0.9
(Northward Positive)

Temperature and salinity are likewise prescribed from data when the transport is

specified to be flowing into the model domain. When the transport is flowing out of the

model, the advection gradient equation:

8/dt (8,8)+U,3/0n(8,8) = 0 (19)

is solved for both barotropic and baroclinic modes where the subscript n is the coordinate

normal to the boundary.







III. EXPERIMENTS

Our approach was to carry out four numerical experiments and compare them to a
control run. All runs were completed for the same 16 month period encompassing both
summer and winter monsoons, and, except as specified below, utilized the same initial
conditions and boundary conditions. For the purposes of analysis, summer is considered
to be from May to August and winter is considered to be from November to March,
corresponding to the maximums in climatological wind forcing. Each experiment is a
sensitivity study in which we independently examine the effects of (1) non-linear
advection, (2) wind stress, (3) zeroing lateral transport at the open boundaries and (4)
doubling the amount of lateral transport at the open boundaries. The difference between
the experiment result and control run result at each grid point and time instance will be
due to the factor isolated in that experiment. Integrating the linear difference over the
monsoon season provides a quantitative measure of the isolated or modified parameter for
that season. Both general features and specific characteristics of the SCS circulation will
be identified from the control run and analyzed for the effect of forcing factors.

An essential assumption for later analysis is that the flow is nearly linear in the
SCS. Ifthis is valid, then the contribution of the forcing field eliminated or modified can
be determined by simple differencing. The second run was designed to test this
assumption. The primitive equations used by the model to determine the prognostic
variables were modified so that the non-linear advective terms were set equal to zero.
The model was run in this condition until quasi-steady state was achieved, then run
prognostically to collect data.

To simulate the seasonal circulation in the SCS without winds, the control run
was repeated from day 300 with wind stress forcing set to zero over the model’s spatial
domain. After reaching quasi-steady state, the model was run prognostically in this
condition and data was collected for comparison to the control run. The difference
between this data and that from the control run is thus exclusively due to the effect of
daily wind forcing. The fourth and fifth runs tested the effect of lateral boundary
transport on the SCS, first by closing all open boundaries (Run 4) and then by doubling
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the historical transport values (Run 5). The same procedure was followed as in previous

runs, with some additional attention given to conserving mass.
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IV. RESULTS

First we examine the thermal structure, sea surface elevation and circulation
patterns that constitute the SCS oceanography. Various oceanographic features will be
identified from the control run for subsequent analysis of volume transport. Then, for
each sensitivity study, these features and the general circulation patterns will be analyzed
for qualitative differences in structure from the control run results. From this information
we will compare kinetic energies and estimate the quantitative linear differences in sea
surface elevation, velocities and volume transport. This will allow us to draw
conclusions regarding the contribution of the studied parameters to individual
oceanographic features. An important assumption is made that the differences are linear,

i.e., higher order terms and interactions are negligible and can be ignored.

A. CONTROL RUN

1. Summer Monsoon

During summer months (May to August) winds flow from the southwest and the
surface circulation is generally anticyclonic, with inflow from the southern boundary and
outflow through the northern boundaries (Figure 7). Velocities reach 1 m/s at the peak of
the monsoon (Figure 7b) with a clearly visible western intensification of current and
substantial small scale eddy activity over the deep basin. The average sea surface
elevation for the summer varies from 10 to 20 cm in the southernmost portion of the SCS
(Figure 8a), and is fairly uniform elsewhere.

In general the temperature and salinity profiles reflect the existence of two distinct
water masses in the SCS throughout the year, consistent with the Naga Report analysis
(Wyrtki, 1961). In the north the surface layers are influenced by the inflow of North
Pacific water and thus are uniformly cold and saline with relatively shallow layer depths.

In the south the tropical climate and inflow of water from the shallow Java Sea cause the
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water masses to be fresh and warm and slightly deeper (Figure 9a). The SCS summer
thermocline averages between 30 and 50 m and the halocline exists from 100 to 150 m.
Model sea surface temperature (SST) varies with latitude and nearby oceanographic
features (Figure 10a), but matches satellite observed sea surface temperatures (Figure
11a).

As described by Li (1994), the model simulates the climatological historical
observations of the surface circulation (Figure 4). At the start of the summer monsoon
(mid-May) the near surface flow from the Gasper and Karimata Straits turns sharply to
the east and follows the shoreline of Borneo (Figure 7a). By the middle of the summer
monsoon, there is an intensification of flow along the coast of Malaysia and the current at
all depths in this area has turned northwestward (without entering the Gulf of Thailand).
Figure 12a shows that this current exists from the surface to 50 m with a core velocity
that averages 45 cm/s. A northward shelf current is also visible with average velocities of
15 cm/s. As the current flows northward it follows the 150 m isobath to the coast of
Vietnam where it becomes the summer Vietnam Coastal Jet (VCJ). The VCJ continues
north along the isobaths almost to the coast of Hainan before turning east towards the
Luzon Strait. This current reaches a maximum velocity of 80 cm/s at the peak of the
monsoon season and averages 40 cm/s during the summer (Figure 13a), additionally a
equatorward counter current occurs along the shelf break in mid-summer with velocities
less than 10 cm/s (not shown). The average core velocity corresponds to a volume
transport of 5.5 Sv (Table 2). An examination of the temperature profile across the jet
indicates that upwelling occurs inshore of the current (Figure 14a) consistent with Ekman
theory. The colder, denser water nearshore, combined with the high velocity\ current
relative to offshore current speeds, results in baroclinic instability. The southwestward
turn that occurs at 10° N and bisects the basin along its minor axis (Figure 7b),
demonstrates a coastal jet meander behavior as a result of the baroclinic instability in this
region.

A second cross-basin current occurs at the surface at 16° N in the middle of
summer (Figure 15a), with current speeds in excess of 20 cm/s at the surface and 10-15

ci/s down to 600 m depth. This current begins the summer as a meandering extension of
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the VCJ, flowing eastward toward the Luzon Strait (Figure 7a). As time progresses, this
cross-basin current migrates south and intensifies, reaching a latitude of approximately
12° N with a core current velocity of 60 cm/s by the end of summer (Figure 14b).
Examination of the total volume transport for summer shows that this current carries 13-

18 Sv across the basin (Figure 16a).

2. "Winter Monsoon

From November to March the winter monsoon system dominates the SCS, with
the winter Asian high pressure system resulting in strong winds from the northeast. The
general circulation pattern becomes cyclonic. Inflow from the Bashi Channel (the
Kuroshio intrusion) and Strait of Taiwan force currents southwest along the 150 m
isobath of the Asian continental shelf, then south along the coast of Vietnam and
eventually out through the Gasper and Karimata Straits in the south. Sea surface heights
for the winter monsoon show a depression in the northern portion of the deep basin with
an increase in height as the southern boundary is approached (Figure 8b). Average
temperature and salinity profiles for the winter monsoon are very similar to those for the
summer: cold and saline water in the north, warm and fresh water in the south (Figure
9b), and considerable east/west variation depending on latitude. The temperature profile
reflects the latitudinal variation in SST with some sloping of the horizontal isotherms in
the west (Figure 10b).

Western intensification of the general cyclonic circulation pattern results in the
winter monsoon version of the VCJ. From the south coast of Hainan, the cufrent
intensifies as it flows from north to south along the Vietnam coast (Figure17b). Average
current speeds are 80 cm/s in the core with little variability during winter months.
Average southward volume transport for the winter monsoon is approximately 10.6 Sv
(Table 2). The current is coherent from the surface down to 500 m depth along the
narrow shelf break (Figure 13b). A shallow surface counter current develops late in the
winter monsoon adjacent to the VCJ and persists through the transition period to the start

of the summer monsoon (Figure 17c and Figure 7a). Analysis of the vertical
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thermal structure in this vicinity (Figure 14b) shows colder water near the surface and a
general deepening of the isotherms below 50 m.

As the winter circulation pattern progresses, near surface currents along the coast
of Borneo begin to turn to the northwest, eventually flowing directly away from the
coastline over the Sunda Shelf and southern portions of the deep basin. Additionally, the
southward VCJ begins to interact with the topography and is increasingly steered to the
east (Figure 18). The combination of these effects eventually results in the formation of a
mesoscale cyclonic topographic gyre, termed the Natuna Island Gyre (NIG). In the north,
an anticyclonic gyre begins to form between Hainan and Vietnam (Figure 17¢). These
features are consistent with the observations of late winter surface circulation described
earlier (Figure 4a). As shown in Figure 18, NIG has an average core velocity of 50 cm/s,
which is at 5 m depth on the north side of the gyre (flowing away from the coast of
Borneo) and at 50 m depth on the south side (proceeding towards Borneo). A latitudinal
cross section shows that the core is similarly deeper on the west side of the gyre, and a
surface phenomenon on the east side (Figure 12b). Note the vertical velocity shear on the
east and north sides of the gyre, this feature also demonstrates baroclinic instability. The
gyre shows little variability during the winter, with maximum swirl velocities of 60 cm/s
at the peak of the monsoon but no variation in position. The velocities correspond to
approximately 5 Sv volume transport. The anti-cyclonic gyre in the north forms along
110° E longitude and has a core velocity of 60 cm/s (Figure 19a). The terhperature
profile across this feature shows evidence of winter upwelling (Figure 19b) consistent

with the observations of Chen et al. (1982).

Table 2: North/south volume transport (Sv) of individual features of SCS
oceanography.

Feature Control Run Value
Summer Vietnam Coastal Jet 5.5
Winter Vietnam Coastal Jet 10.6
Natuna Island Gyre (winter) 5.0
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Figure 19. (a) V component of velocity (m/s) for control run and (b) temperature
(°C) profile of control run for 15 March at 15° N latitudinal cross section.
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B. SENSITIVITY STUDIES

1. Effects of non-linearity (Run 2)

The first sensitivity study involved modifying the dynamic equations so that there
were no non-linear advective terms, but otherwise used the same parameters as the
control run. The near surface velocities for mid-winter and mid-summer are shown in
Figures 20 and 21 to illustrate the similarity to the control run results (Figures 7,17).
Visual comparison of the linear run data with the control run shows that there are no
apparent differences between them. Similar results were obtained for sea surface height
data. There are specific instances when non-linearity is very important in terms of the
volume transport and kinetic energy of eddies, and upwelling phenomena. When energy
differences are examined for the winter monsoon, the results show that the volume kinetic
energy increases when non-linear advection is removed from the momentum equations
(Figure 22a). Additionally, an examination of differences in surface temperature (Figure
23) shows thin bands of effect near the eastern boundary in winter and western boundary
in summer, with similar results obtained for salinity.

Figure 24 is a plot of the difference in total volume transport between the control
run and linear run. The positive difference in transport located between Vietnam and
Palawan during the summer circulation is in the vicinity of the coastal jet meander
observed in the control run. Removing advective processes decreases the voiume
transport by nearly 10 Sv in this region which illustrates the importance of non-linearity
to baroclinic instabilities. This is consistent with the theory that mesoscale features
dependent on baroclinic instabilities can extract energy from the mean flow and increase
the total transport of the system (Pond and Pickard, 1983). Conversely, the cross basin
flow that peaks late in the summer at 13° N (and its associated small scale anticyclonic
eddies) shows increases in total volume transport when non-linearity is removed,

suggesting that
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SUMMER MONSQOON Volume Transport (Sv) due to non-linearity

Latitude (N)

100 102 104 106 110 112 114

Longitude(E), Depth=0(m)

Figure 24. Volume transport difference (Sv) between control run and linear run
averaged over summer monsoon.
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advective processes have a dampening effect on these features. Other than these specific
features the difference in volume transport is considerably smaller than the differences
due to other forcing mechanisms. In other words the system is quasi-linear, as an initial
calculation of the Rossby number for the latitude range indicated. A cross section plot of

the average difference in velocity at 6° N between this run and the control run (Figure 25)

shows that when advection is removed, the Malaysia coastal jet current decreases velocity
somewhat and moves closer to shore. At 13° N, a similar phenomenon occurs--the VCJ
is closer to shore and focused into a narrower jet at the surface while flow along the
bottom boundary (shelf current) is increased (Figure 26). At both latitudes the amount of
northward volume transport is unchanged (Table 3).

The winter VCJ also experiences narrowing and focusing when advection is
removed (Figure 27). From the surface to 500 m there is an increase in southward
velocity of 15-25 cm/s in the core at 13° N and a decrease of similar magnitude on either
side. The net increase of velocity of 10 cm/s results in an increase in southward volume
transport contribution of approximately 3.1 Sv from non-linear advection in the winter
(Table 3). The most significant difference during the winter, however, occurs in the
mesoscale cyclonic topographic gyre that forms northeast of Natuna Island in the control
run. Figure 28 shows that the feature has a strong dependence on advection, losing about
8-10 Sv of transport when driven linearly, again consistent with theory regarding
baroclinic instabilities. Figure 29 shows the effect vertically; it is apparent from this plot
that advection is important to the velocity of the eddy, the differences in velocity
corresponding to a volume transport contribution of 3 Sv through this cross §ection.
Similarly, for small scale eddies there are positive differences in the region of the

cyclonic eddies and negative differences in the region of anticyclonic eddies.

48




—50 |

~100 {8

—200|[8

250 8

-300
102

Longitude

Figure 25. V component of velocity difference (m/s) between control run and linear
run at 6° N latitudinal cross section averaged over summer monsoon.
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run at 13° N latitudinal cross section averaged over summer monsoon.
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WINTER MONSOON Volume Transport Difference (Sv) due to non-linearity

Latitude (N)

' Longitude(E), Depth=0(m)

Figure 28. Volume transport difference (Sv) between control run and linear run
averaged over winter monsoon.
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2. Effects of wind (Run 3)

When winds are removed from the forcing, the model results show considerable
changes in the structure of the summer circulation and a virtual disappearance of features
in the winter circulation. The general circulation is still anticyclonic in the summer and
cyclonic in the winter but surface velocities tend to be 20-30 cm/s smaller in the surface
layers (Figures 30-31). The difference between Run 1 and Run 2 shows the monsoon
wind effects on the SCS circulations and thermohaline structure.

A comparison of the kinetic energy of the no wind SCS to the control run reveals
that the increase of wind contributes energy as the monsoon peaks and then acts to reduce
energy through dissipation effects as the monsoon weakens (Figure 22a). The
contribution of winds to the average sea surface height is seen in Figure 32: in the
summer, winds act to push the surface elevation to the north increasing the elevation 5-10
cm. Elsewhere the summer wind is responsible for a decrease of the same magnitude. In
the winter, the wind increases the surface elevation over the continental shelves by 15-18
cm, with a large wind induced depression over the deep basin. Since dynamic
topography is a measure of potential energy, these regions show an estimate of the
contribution of wind forcing to available potential energy.

Figure 33 is a plot of the differences in surface temperatures between the control
run and the no wind run. During the summer, when winds are blowing from the equator,
the SST off the coast of central and northern Vietnam is 1-2 degrees cooler than when
winds are absent. Similar results are evident off the eastern coast of Hainan.‘ During the
winter the negative surface temperature difference is greatest on the east side of the basin
along the Palawan Trough, with similar results in surface salinity differences (Figure 34).

Current patterns change substantially over the Sunda Shelf during the no wind
summer. A mesoscale anticyclonic eddy is generated south of Natuna Island with a core
velocity of 60-80 cm/s (Figure 35) and propagates to the northwest as the summer

progresses (Figure 30). Examination of the cross section difference in velocity at 6° N
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shows that the average intensification of current offshore of Malaysia is reduced by 10-15
cm/s and has migrated closer to shore (Figure 36a). The summer VCJ still peaks in
velocity by the middle of the monsoon but the core velocity is slightly higher. Since the
current has moved inside the 100 m isobath (Figure 36b), and the core is smaller, the
change in southward volume transport is approximately zero (Table 3). Also, rather than
migrate south from the shore of Hainan as it does in the control run (increasing in
strength as the summer progresses), the northern filament current actually migrates
farther north following the 100 m isobath of the Asian continental shelf (Figure 30b-c).
This translates into an increase in volume transport along the shelf break and a decrease
in cross basin transport. Notice the difference in total volume transport due to wind
forcing (Figure 37a), integrated over the summer monsoon season: positive values along
the 100 m isobath south of Hainan indicate an increase of 6-8 Sv transport when the wind
is removed. The negative values along 13° N indicate a decrease of 4-6 Sv transport at
these grid locations in a no wind scenario. Additionally, the southwestward meander of
the coastal jet near 10° N is considerably reduced in this run, losing an average of 5-6 Sv
of transport when winds are removed.

The most significant differences during the winter monsoon are the absence of
flow away from the western Borneo coast, the absence of topographic steering of the
winter VCJ and the subsequent absence of the NIG at the southern edge of the deep basin
(Figure 31). Inspection of the difference in velocity at 6° N, shows that the gyre loses an
average 30-40 cm/s of its swirl velocity in this run (Figure 38a), corresponding to a
volume transport reduction of 4.2 Sv. The winter VCJ is greatly reduced when winds
are removed, losing 30-40 cm/s velocity (Figure 38b), corresponding to a southward
volume transport loss of 4.6 Sv. The increase in shelf current flow is shown in the
volume transport difference plot (Figure 37b), the only locations where total volume
transport increases when winter winds are removed are along the Asian continental shelf
break and at 13° N. Conversely, the volume transport difference in the rest of the central
basin shows that there is considerably less volume transport when winds are removed. In

general, the winter near surface circulation shows almost no horizontal structure in the




-100

-150 8 -

Depth

-200 i

-250 .

702 104 106 108 110 12 114 116
Longitude

T, S ~

05 /
\

(b)

-100

T R

o
e
———TTTT
—
1

~700 i

l
|
N
:
\

0
A

800 . _ S W S S L L L L .
112 113 114 115 116 117 118
Longitude

Figure 36. V component of velocity difference (m/s) between control run and no
winds run averaged over summer monsoon at (a) 6° N latitudinal cross section,
(b) 13° N latitudinal cross section.

62




HOOSHOW IJUIM () ‘DOOSTOW IDWWNS (V) 1340 PrdeIdAr
UNL SPUIAM OU PUT 2RI J0I7U0D UMY (AS) IPUIIAYIP Jrodsusy) mnjop L§ 2andiy

ot 8 9 4 4 0 c- v 9- 8- oL- o] 8 9 4

a1
(e}
o
f
ot
!
a)
i
Y]
|
=
!

(w)o=uidsqg '(3)epnubuo fwo=tideq ‘(3yepnubuo

oci 8L gLl vit il oLt |01 901 o1 oL 0oL oct 8Lt oL vit (433 Okt got oL 0L ot cot

01

43

(N) spninen

vl
ol
Bt
B o

[24

v Aﬂ.v

sputm 03 anp (AS) 2u3YIp vodsurel |, SWNJOA NOOSNOW YILNIM

63

M

'
1

(®)




(@

-50

-100

-150

Depth

-200

-250 | .

300

110
Longitude

Daal ] L]

111 112 113 114

115 116 117
Longitude

118

Figure 38. V component of velocity difference (m/s) between control run and no

winds run averaged over winter monsoon at (a) 6° N latitudinal cross section,
(b) 13° N latitudinal cross section.




absence of wind. The large range of area that shows 5-10 Sv of transport loss indicates

that wind is an important factor in determining the winter volume transport.

3. Effects of lateral boundary transport (Runs 4 and 5)

The third sensitivity study used the control run equations and forcing but closed
all open lateral boundaries, preventing transport of mass, heat or salinity through the
Luzon Strait, Formosa Strait or Gaéper and Karimata Straits. The resulting circulation is
shown in Figures 39-40. The final sensitivity study doubled the inflow and outflow
through these boundaries. The general circulation in this case is, of course, considerably
altered (Figures 41-42).

With no inflow or outflow the summer anticyclonic gyre and winter cyclonic gyre
are more pronounced. Increased recirculation generally leads to greater horizontal and
vertical variability of the current structure; the result of this increased variability is that
the winter kinetic energy is largest for this run (Figure 22b). The sea surface height
differences are shown in Figure 43: in the summer, removing boundary transport causes
an increased elevation near the northern and western shores and a decreased elevation in
parts of the basin and at the southern boundary. The reverse happens in the winter, in
both seasons the greatest effect is over the shallower Gasper and Karimata Straits in the
south--both experience differences of 25 cm.

Figure 44 is a plot of the average difference in summer surface temperatures,
winter differences were insignificant beyond the open boundaries. In the summer, two
features are prominent. First, the surface temperatures in the vicinity of the
southwestward boundary current that diverts flow from the VCJ are considerably warmer
in this case. Second, and more significant, is the temperature difference off the coast of
northern Vietnam. Current flow in the control run in this region is northward--a situation
beneficial to upwelling--but in the closed boundaries run current flow is southward and
upwelling does not occur.

The summer circulation patterns change dramatically when the lateral transport is

removed. There is still western intensification of current along the coast of Malaysia, and
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Figure 44. Sea surface temperatures difference (°C) between control run and closed
boundaries run averaged over summer monsoon.
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it still joins the flow out of the Gulf of Thailand to contribute to an intensification of
current off southern Vietnam. At 6° N, however, notice that the average northward
velocity throughout most of the shallow shelf region shows no discernible pattern of
change, while the shelf current along the 100 m isobath decreases by 5-10 cm/s (Figure
45). Farther north the VCJ does not continue along the 100 m isobath to Hainan as it did
in the control run (Figure 41b), by 13° N the northward coastal jet has been replaced by a
shallow (0-150 m) equatorward current flowing at 10 cm/s (Figure 46). Including the
change in direction, the contribution to northward volume transport made by lateral
transport is nearly 5.5 Sv (Table 3). The southwestward meander of the coastal jet
observed in the control run takes all the current coming north, and the new southward
surface current flowing from Hainan, and diverts the flow across the basin. The net effect
is that by 50 m depth the circulation in this run is divided into a cyclonic gyre in the
northern half of the model and an anticyclonic gyre in the south.

Winter closed boundary circulation patterns on the other hand, show less
difference in structure from the control run (Figure 42) but more variability in magnitude.
There is an average decrease of 10-40 cm/s in current speed of the winter VCJ (Figure
47b), which equates to approximately 4.8 Sv southward volume transport. The positive
wind curl acts to strengthen the cyclonic gyre nature of overall circulation. The Kuroshio
intrusion and inflow through the Formosa Strait are obviously supplemented by
recirculation flow from along the coast of Luzon Island. Near Natuna Island it is
noteworthy that the structure of cross basin circulation and current flow away from the
Borneo coast are unchanged. Similarly, it is apparent that the spatial extent and shape of
the gyre northeast of Natuna Island is unchanged by closing the boundary flow. In cross
section, however, it can be seen that the NIG does lose some of its velocity--there is a 10-
30 cm/s decrease in the average core velocity on the western side at 6° N in this run
(Figure 47a) corresponding to a volume transport of 3 Sv, associated with the decrease in
velocity of the VCJ. The difference in velocity is much smaller on the eastern side,

suggesting that some other effect dominates the current structure in that region.
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The final sensitivity study presented here used the standard equations and forcing
but doubled the inflow transport at the lateral open boundaries. Doubling the inflow
resulted in a near doubling of maximum velocities and a commensurate increase in the
kinetic energy (Figure 22b). The time progression of maximum values of the vectors on
the time series of near surface velocities (Figures 41-42) closely match the pattern of
Wyrtki’s climatological values for open boundary transport.

Summer circulation patterns match the control run closely, with a few exceptions.
First, there is no discernible western intensification of flow along the coast of Malaysia
(Figure 41b). An increase in northward volume transport along the eastern side of the
Sunda Shelf displays how the increased inflow through Gasper and Karimata Straits
becomes a broad northward current rather than intensified in the west. This broader
current then becomes a stronger VCJ when it interacts with the bathymetry south of
Vietnam. The cross section at 6° N shows an average of only 10 cm/s increase in velocity
in northward surface current flow and shelf current flow (Figure 48a), but the effect is
spread over the entire cross section resulting in an overall increased volume transport. By
13° N, however, the increase is 50 cm/s and all of it focused in the coastal jet (Figure
48b) increasing northward volume transport by more than 5.2 Sv. Additionally, the VCJ
does not show the separation from the 100 m isobath near Hainan that is evident in the
control run, flow into the the model at the south boundary follows the bathymetry out of
the north boundaries. This is also evident in the volume transport difference, the large
positive values along the 100 m isobath represent the increase in current transport when
the summer lateral boundary transport is doubled (Figure 49). Second, since the current
velocity is higher, the baroclinic instability is stronger and cross basin meander activity is
of greater spatial extent, detracting from the anticyclonic nature of the summer circulation
(Figure 42).

In the winter, the circulation is also very similar to the control run. As the flow
becomes increasingly linear in and out of the model domain, there is a 20 cm/s increase in

the velocity of the VCJ (Figure 50b), corresponding to an increase in southward volume
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Figure 49. Volume transport difference {Sv) between control run and double lateral
transport run averaged over summer monsoon.
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transport of 2.7 Sv. Farther south, the NIG shows an increase in average current velocity

of 20 cn/s in the west (Figure 50a), corresponding to an increase in volume transport of

4.4 Sv.

Table 3: Summary of contributions to north/south volume transport (Sv) from

isolated factors.

Linear No Wind Zero Lateral Double Lateral
\ Transport Transport
Summer Vietnam 0.0 0.0 -5.5 +5.2
Coastal Jet
Winter Vietnam -3.1 -4.6 -4.8 +2.7
Coastal Jet
Natuna Island -3.0 -4.2 -3.0 +4.4

Gyre (winter)
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V. CONCLUSIONS

The South China Sea (SCS) is a dynamic and highly variable semi-enclosed sea
subject to complex environmental forcing. Using the Levitus climatological dataset
(1984) as an inital field, this thesis utilized the Princeton Ocean Model (POM) to simulate
and analyze the SCS circulation and thermal structure. Experiments were conducted in
which important forcing mechanisms (non-linearity, wind, and lateral boundary transport)
were modified or eliminated to determine their effect on general circulation and specific
oceanographic features.

With the exception of behavior in the region of baroclinic instabilities, advective
non-linearity appears to be insignificant to the circulation during the monsoon seasons.
When non-linear advection is removed from the system, the cascade of energy between
levels of motion is reduced and the Reynolds stresses and fluxes that characterize
turbulence no longer act as inhibitors for mean current kinetic energy. Thus the kinetic
energy difference between the control run and linear run during the monsoon seasons
reflects the importance of non-linearity as a mechanism for increasing velocities in eddy
features. Removing non-linearity also had a small effect in areas of upwelling. Since the
differences in velocity are significant only in the vicinity of the Natuna Island Gyre (NIG)
and meander features, non-linearity is important to kinetic energy contéined in baroclinic
eddy features of the SCS but does not specifically determine any circulation or thermal
structure features.

During the summer, when winds are blowing from the equator, the SST off the
coast of central and northern Vietnam is 1-2 degrees cooler than when winds are absent,
suggesting coastal upwelling due to Ekman drift is occurring in this area. Similar results
are evident off the eastern coast of Hainan, as described in Huang et al. (1994). During
the winter the surface temperature difference is greatest on the east side of the basin along
the Palawan Trough, with similar results in surface salinity differences.

As seen in the no wind circulation and volume transport differences, the effect of
the summer wind pattern is to increase the cross basin circulation and decrease the eddy

behavior. Specifically, the northern filament of the summer Vietnam Coastal Jet (VCIJ)
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that migrates south during the summer is absent and the southwestward meander of the
VCIJ near 10° N is considerably reduced when winds are removed. Also, when winds are
removed, a mesoscale anti-cyclonic eddy occurs over the Sunda Shelf that removes
energy from the summer VCJ and decreases northward transport. In the winter the
primary features of the hydrology essentially disappear when winds are removed--the
VCJ is barely discernible and the NIG is diminished to near non-existence. Therefore,
wind forcing i$ the primary factor in determining the strength and structure of the VCJ
and NIG for the winter monsoon; if winds are light or non-existent during the winter,
these features will be much less noticeable.

When the open boundary transport is removed, summer circulation features
change substantially but the winter circulation remains largely unchanged. This is due to
the shallowness of the southern portion of the model domain compared to the north.
During the summer, the absence of lateral transport causes a two gyre system to develop
with the cross basin meander at 10° N as the dividing current. When the open boundary
transport inflow is doubled in the summer, the circulation pattern flows nearly linearly
north to the VCJ and then out the northern boundary. The effect on the summer VCJ
velocities and volume transport supports the conclusion that increased inflow linearizes
the circulation through the SCS. Thus lateral boundary transport is essential to the
existence of the summer VCJ between Vietnam and Hainan. During the winter, however,
both the absence of lateral boundary transport and doubling the inflow have neligible
effect on circulation patterns of the basin, merely decreasing and increasing the average
velocities and volume transport without significantly affecting structure. Again we
conclude that even though the transport through the Luzon Strait and Formosa Strait
(winter) exceeds that of the Gasper and Karimata Straits (summer), the deep nature of the
northern inflow boundary is responsible for the minimal effect of winter inflow/outflow
on the SCS hydrology.

The contributions to north/south volume transport (Table 3) effectively
summarize these conclusions for the identified features in the SCS. The summer VCJ

was essentially determined by the lateral boundary transport; without open boundary
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inflow there was no coastal jet. Non-linear advection and winds had no effect on volume
transport, while closing the boundaries resulted in a loss of all 5.5 Sv originally present
(Table 2). For the winter VCJ, lateral boundary transport and winds contributed equally
to the transport. The topographic gyre was identified as a non-linear feature and therefore
little can be concluded regarding effects of forcing terms from simple differencing
although qualitatively the importance of wind is evident from the absence of this feature
in the no wind run.

Future studies should concentrate on less simplistic scenarios. Inspection of
observational surface currents from the Sulu Sea shows that these flows may be important
to formation of the two gyre system that exists in the spring. Additionally, realistic
surface heat and salt fluxes should be included and the use of extrapolated climatological
winds needs to be upgraded to incorporate Naval Regional Ocean Atmospheric Prediction
System (NORAPS) winds to improve realism. Finally, the assumption of quasi-linearity
that allowed us to use simple differencing to quantify the effect of external forcing needs
to be rigorously tested. It is very important to develop a thorough methodology to

perform sensitivity studies under the highly non-linear conditions that may exist in the

littoral environment.
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